Artemisinins rapidly kill all asexual blood stages of *Plasmodium falciparum* \[[@JIT082C1]\], including young ring forms before they sequester in the microvessels of vital organs, and are thus more effective than quinolines in reducing malaria morbidity and mortality \[[@JIT082C2], [@JIT082C3]\]. For this reason, artemisinin-based combination therapies (ACTs) are first-line treatments for *P. falciparum* malaria worldwide \[[@JIT082C4]\]. ACTs are the use of artemisinin or one of its derivatives---artesunate, artemether, dihydroartemisinin (DHA)---in combination with a partner drug. DHA, the active metabolite of all artemisinins, has a short half-life (approximately 1--3 hours) in plasma; therefore, partner drugs with longer half-lives (ie, approximately 7--21 days) are needed to eliminate residual parasites \[[@JIT082C5], [@JIT082C6]\]. Parasite resistance to nearly every commonly used partner drug is entrenched or emerging in western Cambodia \[[@JIT082C7]\].

Reports of artemisinin resistance in western Cambodia \[[@JIT082C8], [@JIT082C9]\] and western Thailand \[[@JIT082C10]\]---where antimalarial-resistant parasites have previously emerged and spread to Africa \[[@JIT082C11]--[@JIT082C13]\]---are thus extremely worrisome. This phenotype manifests as a slow parasite clearance rate in response to an artemisinin taken orally to treat uncomplicated malaria \[[@JIT082C14]\]. Unlike quinoline resistance, artemisinin resistance does not associate with known molecular markers of drug resistance or reduced parasite drug susceptibility in vitro \[[@JIT082C8], [@JIT082C9], [@JIT082C15]\]. Slow parasite clearance may be partly defined as a parasite-heritable trait \[[@JIT082C9], [@JIT082C10], [@JIT082C16]\] and was recently associated with a major region of the parasite genome \[[@JIT082C17]\]. Microsatellite-defined parasite genetics, however, has not been able to account for all the variation in parasite clearance rates in Cambodia and Thailand \[[@JIT082C9], [@JIT082C10], [@JIT082C16]\].

Few studies have explored how host factors, such as naturally acquired immunity and red blood cell (RBC) polymorphisms, influence parasite clearance rates in response to artemisinins. A retrospective analysis of 18 699 patients with *P. falciparum* malaria treated with artemisinins found that parasite clearance was slowest in low-transmission settings and relatively fast in high-transmission settings, suggesting that acquired immunity accelerates parasite clearance \[[@JIT082C18]\]. A recent prospective study suggested that hemoglobin (Hb) E is associated with slow parasite clearance rate in Pursat, western Cambodia \[[@JIT082C9]\], but the effect of acquired immunity on this parameter is not well defined. This is because, in southeast Asia, age is an inadequate surrogate of immunity to malaria and no in vitro correlate of parasite-clearing immunity has been identified. Few parasite clearance rates have been reported from Africa \[[@JIT082C19]\], where ACTs were recently introduced and artemisinin monotherapies have been used for 15 years in some areas \[[@JIT082C20]\].

The proposed mechanism of action of artemisinins involves endoperoxide-derived, free radicals that alkylate and oxidize the proteins and lipids of intraerythrocytic parasites \[[@JIT082C21]\]. Artemisinin-treated parasites undergo pyknosis rapidly in vivo and are cleared from the bloodstream by "pitting" in the spleen, which returns previously infected, intact RBCs back into circulation (Figure [1](#JIT082F1){ref-type="fig"}*A*) \[[@JIT082C22]--[@JIT082C25]\]. Although largely determined by the rates of pyknosis and pitting, the parasite clearance rate is nonetheless a complex phenotype produced by a combination of parasite and host factors. Parasite expression of cytoadherence ligands, for example, can determine when late ring-stage parasites sequester in microvessels and disappear from peripheral blood (Figure [1](#JIT082F1){ref-type="fig"}*C*) \[[@JIT082C26]\]. If parasites sequester en masse \[[@JIT082C26]\] while parasite clearance is being monitored, parasite densities may decrease markedly by an artemisinin-independent mechanism. Host antibody responses that prevent sequestration and opsonize parasitized RBCs may also accelerate parasite clearance (Figure [1](#JIT082F1){ref-type="fig"}*B*). Figure 1.Clearance of ring-stage *Plasmodium falciparum* parasites from peripheral blood during a parasite clearance rate study. Dihydroartemisinin, the active metabolite of all artemisinins, causes ring-stage parasites to undergo pyknosis (*A*). These circulating pyknotic forms are eventually "pitted" from red blood cells (RBCs) as they pass through endothelial slits in the spleen, which returns the previously infected, intact RBCs to the peripheral blood. This process occurs in all patients treated with artesunate and is likely the predominant mechanism of parasite clearance in most cases. Depending on the maturity of ring-stage parasites, however, 2 additional processes may also work to reduce parasite density in an artemisinin-independent manner. Ring-stage parasites that are sufficiently mature (indicated by a thicker ring of light blue cytoplasm in the figure) may place PfEMP1-laden knobs on the surface of their host RBCs at the same time artesunate is consumed and begins to kill parasites (*B* and *C*). If these PfEMP1-expressing parasitized RBCs are traveling through a microvessel at this time, they may successfully sequester there and disappear from the peripheral blood (*C*). On the other hand, if these parasitized RBCs are traveling through other blood vessels where sequestration does not occur, they become targets for antibodies against PfEMP1 and other surface antigens (*B*). By preventing parasitized RBCs from sequestering and opsonizing them for phagocytosis in the spleen, these antibodies may contribute to the clearance of ring-stage parasites. Abbreviation: DHA, dihydroartemisinin.

To obtain baseline surveillance data for the emergence or spread of artemisinin resistance in Africa and to investigate the role of acquired immunity in parasite clearance, we measured parasite clearance rates in response to artesunate in a high transmission area of Mali, where ACTs were introduced only 2 years previously and where children rapidly acquire antimalarial immunity with age.

 {#s2}

METHODS {#s3}
=======

Study Site and Patients {#s3a}
-----------------------

In May 2008, we initiated a 4-year study of malaria incidence in Kenieroba, a village 75 km southwest of Bamako where artemisinins were not previously used. When children presented to clinic with malaria symptoms, we used findings from history taking and physical examination, along with screening parasite density and Hb and glucose levels (Hemocue) to diagnose them with uncomplicated or severe *P. falciparum* malaria. Uncomplicated malaria was defined as fever (axillary temperature ≥37.5°C or history of fever in the previous 24 hours) and any *P. falciparum* density. These children did not have severe malaria, defined by any *P. falciparum* density and any 1 of the following: coma (Blantyre coma score ≤2), convulsions (witnessed), severe prostration, severe anemia (Hb level ≤5 g/dL), respiratory distress, hypoglycemia (glucose ≤40 mg/dL), jaundice, shock, cessation of eating and drinking, repetitive vomiting, or other etiologies of fever discernible on clinical examination.

In the 2010 transmission season, we diagnosed 1050 uncomplicated malaria episodes in 636 children within a cohort of 1325 children. In 2011, we diagnosed 926 uncomplicated malaria episodes in 565 children within a cohort of 1287 children. Within this cohort study, we conducted a parasite clearance rate substudy in 2010 and 2011. Inclusion criteria for this substudy were uncomplicated *P. falciparum* malaria, age 0.5--15 years, screening parasite density of 10 000/µL--100 000/µL, negative pregnancy test (if girl aged 14--15 years), and no history of antimalarial use for present symptoms. Because of space limitations and intensity of monitoring parasitemia, we enrolled up to 4 patients on any given day.

After children were evaluated and informed consent was obtained, typically 1--3 hours after the screening parasite density was counted, an initial parasite density was counted before the first artesunate dose was given (t = 0 hours). We treated children with artesunate 4 mg/kg (0, 24, 48 hours) and amodiaquine 10 mg/kg (72, 96, 120 hours) as directly observed oral therapy. Parasite densities were quantified from thick blood films by counting the number of ring forms until 300 leukocytes were also counted, then multiplying this number by 25 (which assumes an average number of 7500 leukocytes/µL). For each child, we determined Hb phenotype and α-thalassemia and G6PD deficiency genotypes, as described \[[@JIT082C27], [@JIT082C28]\].

The Ethics Committee of the Faculty of Medicine, Pharmacy and Odontostomatology at the University of Bamako and the Institutional Review Board at the National Institute of Allergy and Infectious Diseases approved protocol activities. The parents or guardians of children gave written informed consent. The protocol is registered at Clinicaltrials.gov (NCT00669084).

Parasite Clearance Rates {#s3b}
------------------------

We counted the initial parasite density before giving artesunate (0 hours) and then every 6 hours until parasite density was undetectable or until 48 hours elapsed. Parasite clearance curves were derived from these parasite counts \[[@JIT082C29]\], and parasite clearance half-life was calculated using the Parasite Clearance Estimator (http://[www.wwarn.org/research/parasite-clearance-estimator](www.wwarn.org/research/parasite-clearance-estimator)). This tool calculates the parasite clearance rate constant, based on the linear part of the log~e~ parasite density--time profile \[[@JIT082C30]\].

Ex Vivo Parasite Drug Response Assay {#s3c}
------------------------------------

From each child, we collected 5 mL of venous blood into a sodium heparin Vacutainer before giving the first artesunate dose. Using a conventional drug assay \[[@JIT082C31]\], we tested the ex vivo susceptibility of parasite isolates to chloroquine (CQ), amodiaquine (AQ), monodesethylamodiaquine (MDAQ), quinine (QN), artesunate, and DHA. All drugs were obtained from Sigma, except for MDAQ (kindly provided by Chris Lourens, WWARN). Stock drug solutions were prepared in water (CQ), dimethyl sulfoxide (AQ, MDAQ, QN, and artesunate), or ethanol (DHA). A ×4 working solution of each drug was prepared in complete medium (Roswell Park Memorial Institute 1640, 25 mM 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES), 7.5% sodium bicarbonate, 50 μg/mL gentamicin, 50 mg/mL hypoxanthine, and 5 g/L Albumax). From these solutions, 1:3 serial dilutions were made to cover a range of concentrations for each drug: CQ (0.2--4000 nM), AQ (0.2--2000 nM), MDAQ (0.3--2000 nM), quinine (0.2--5000 nM), artesunate (0.02--300 nM), and DHA (0.02--300 nM). Serial dilutions at ×4 were distributed in triplicate (50 µL/well) in opaque 96-well plates. Four batches of plates containing drug dilutions were prepared, stored at −20°C, and used within 1 month. Each batch was tested by obtaining the median inhibitory concentration (IC~50~) values for the *P. falciparum* clones 3D7 (CQ-sensitive) and Dd2 (CQ-resistant) \[[@JIT082C32], [@JIT082C33]\].

To carry out the drug assay, blood samples were centrifuged at 2500 rpm × 10 minutes to separate plasma and peripheral blood mononuclear cells. RBCs were washed 3 times in complete medium within 4--6 hours of the blood draw. We determined parasitemias by counting 1000 RBCs in thin blood smears and adjusted samples to 1% parasitemia and 2.4% hematocrit by adding uninfected donor RBCs and complete medium. For few samples with \<1% parasitemia, we performed the assay at 0.5% parasitemia. These cell suspensions were added to previously prepared, drug-coated 96-well plates (150 µL/well) to achieve ×1 drug concentrations in each well. Plates were incubated at 37°C in an atmosphere of 5% carbon dioxide for 48 hours, and parasite development monitored at 24 and 48 hours in extra drug-lacking wells plated expressly for this purpose. Plates were stored at −20°C for up to 3 weeks before staining with 4′,6-diamidino-2-phenylindole dihydrochloride (DAPI). Parasite DNA was quantified in each well using freshly-prepared DAPI. Original DAPI reagent was reconstituted in culture-grade water to 5 mg/mL and stored at 4°C in the dark. Working solutions were prepared by diluting DAPI 1:38 000 in phosphate-buffered saline. Plates were thawed for 1 hour at ambient temperature, centrifuged at 3500 rpm for 30 minutes, and gently inverted to remove supernatants. DAPI solution (100 µL/well) was then added and incubated for 30 minutes in the dark. Plates were centrifuged again at 3500 rpm for 30 minutes, and pellet DNA was resuspended in 200 µL phosphate-buffered saline. DAPI signal was measured by reading plates at Ex/Em 358 nm/461 nm using a Fluoroskan Ascent reader.

Surface Immunoglobulin G (IgG) Reactivity Assay {#s3d}
-----------------------------------------------

Plasma samples were heated at 56°C for 30 minutes and stored at −80°C until use. Parasite isolates were cultured at 2% hematocrit in complete media until they matured to late trophozoites, as determined by microscopy of Giemsa-stained thin blood films \[[@JIT082C34]\]. Parasitized RBCs were washed once in 2% fetal bovine serum in phosphate-buffered saline, adjusted to 1% hematocrit in 2% fetal bovine serum/phosphate-buffered saline, and plated (200 µL/well) in 96-well plates. Parasitized RBCs were incubated with plasma dilutions (1:5, 1:10, 1:20, 1:40) for 30 minutes at ambient temperature with constant agitation. After 3 washes, samples were incubated with Alexa Fluor 488-conjugated goat anti-human IgG (2 mg/mL), Alexa Fluor 594-conjugated goat anti-human immunoglobulin M (IgM; 2 mg/mL), and SYTO® 61 red fluorescent nucleic acid stain (5 mM in dimethyl sulfoxide) for 30 minutes with constant agitation. After 3 washes, parasitized RBCs were analyzed by an Accuri C6 Flow Cytometer.

Statistical Analysis {#s3e}
--------------------

Correlations were performed using the Spearman method. Inferences for change in Hb level over time were done by a paired *t* test and the appropriate confidence intervals on log-transformed Hb values. To compare parasite clearance half-lives between Mali and Cambodia, we used a *t* test and related confidence intervals on the log-transformed values and back-transformed the difference in the means of the logs into a ratio. Parasite drug responses were analyzed using the nonlinear regression model \[Y = 100/(1 + 10\^((LogIC~50~−X)×HillSlope))\] to calculate IC~50~ values, where DAPI signals for each drug were normalized to 100% of the maximum value. IC~50~ values from regression models with *R*^2^ ≥ 0.9 were analyzed. For plasma dilution studies, we fit a linear model for each plasma sample using number of doublings of the dilution to predict the log-transformed proportion of IgG-positive parasitized RBCs. We performed a one-sample *t* test on the slopes and back-transformed them into average fold-change.

In a linear regression model, we defined the following variables for RBC polymorphisms: HbC type (HbAA or HbAS or HbSS = 0, HbAC = 1), HbS type (HbAA or HbAC = 0, HbAS or HbSS = 1), α-thalassemia^−3.7\ kb^ genotype (wild type = 0, heterozygote = 1, homozygote = 2), and *G6PD*^∗^*A-* genotype (wild type = 0, heterozygote = 1, hemizygote = 2). We also defined 2 binary variables: male vs female and Fulani vs non-Fulani ethnicity \[[@JIT082C35]\]. Analyses were performed using GraphPad Prism software version 5 or R (http://[www.R-project.org](www.R-project.org)). A *P* value \< .05 was considered statistically significant.

 {#s4}

RESULTS {#s5}
=======

In 2010 and 2011, we studied parasite clearance in 12.5% (n = 131 of 1050) and 14.0% (n = 130 of 926) of uncomplicated malaria episodes occurring in 636 and 565 children, respectively. The 261 children were aged 0.5--15 years, were permanent residents of Kenieroba, and had parasite densities of 10 000--100 000/µL at screening. For 38 children enrolled twice (ie, in 2010 and 2011), we randomly selected 1 of 2 malaria episodes for analysis. We then excluded 8 children from analysis because of missing genotype data. The remaining 215 children were 53% male, were 81.4% Malinke, and had a median age of 5 years (Table [1](#JIT082TB1){ref-type="table"}). The geometric mean Hb level of the children significantly dropped by 12.0% (95% confidence interval \[CI\], 10.3--13.7; *P* \< .0001) from 10.8 g/dL at presentation to 9.7 g/dL at 72 hours. The proportions of children who had Hb variants (HbS or HbC), α-thalassemia, or G6PD deficiency were 21.4%, 28.8%, and 14.9%, respectively (Table [1](#JIT082TB1){ref-type="table"}). A majority (53%) of children had ≥1 RBC polymorphism ([Supplementary Figure 1](http://jid.oxfordjournals.org/lookup/suppl/doi:10.1093/infdis/jit082/-/DC1)). At presentation, children had a median screening parasite density of 25 200/µL (interquartile range \[IQR\], 16 700/µL--37 600/µL) (Table [1](#JIT082TB1){ref-type="table"}). Table 1.Patient Characteristics and Parasitological DataPatient demographic and clinical information Patients, No.215 Male sex, No. (%)114 (53) Age, years, median (IQR)5 (3.5--8) Ethnicity, No. Malinke (%)^a^175 (81.4) Hb at 0 hours, g/dL, median (IQR)10.8 (9.8--12.1) Hb at 72 hours, g/dL, median (IQR)^b^9.7 (8.4--10.9)Erythrocyte polymorphisms, No. (%) Hb type  AA169 (78.6)  AS or SS^c^25 (11.6)  AC21 (9.8) α-Thalassemia  αα/αα153 (71.2)  −α/αα60 (27.9)  −α/−α2 (0.9) G6PD deficiency (A−)  Wild type183 (85.1)  Heterozygote23 (10.7)  Hemizygote9 (4.2)  Homozygote0Parasitemia, median (IQR; range) Screening Pf density, per µL25 200 (16 700--37 600; 10 000--91 675) Initial Pf density, per µL28 200 (18 875--45 150; 3375--175 325)Parasite clearance parameters Parasite clearance time, h, median (IQR; range)^d^24 (24--30; 12--48) Half-life of parasite clearance, h, geometric mean (95% CI; range)1.9 (1.8--2.0; 1.0--5.3)[^2][^3][^4][^5][^6]

Because a time interval elapsed between screening and determining patient eligibility for the study, we also counted the initial (t = 0 hours) parasite density just before administering the first artesunate dose. During a 48-hour period, we counted parasite density every 6 hours until it was undetectable by microscopy. The median parasite density was 28 200/µL (IQR, 18 875--45 150/µL) (Table [1](#JIT082TB1){ref-type="table"}). The median parasite clearance time, the time it takes for parasitemia to become undetectable, was 24 hours (range, 12--48) (Table [1](#JIT082TB1){ref-type="table"}). Because parasite clearance times correlated significantly with initial parasite densities (*r* = 0.197; *P* = .004), we measured parasite clearance rates. To estimate these, we plotted log~e~-transformed parasite densities vs time for each child and used a parasite clearance estimator \[[@JIT082C30]\] to identify the linear portion of the parasite clearance curve \[[@JIT082C29]\]. From the slope of this line, we calculated the parasite clearance half-life. Half-lives ranged 1.0--5.3 hours (Figure [2](#JIT082F2){ref-type="fig"}*A*), and the geometric mean half-life was 1.9 hours (95% CI, 1.8--2.0; Table [1](#JIT082TB1){ref-type="table"} and Figure [2](#JIT082F2){ref-type="fig"}*A*). By comparison, this value was 3.0 times longer (95% CI, 2.8--3.3, *P* \< .0001) than the geometric mean half-life (5.9 hours) in western Cambodia \[[@JIT082C9]\]. As observed in Cambodian patients \[[@JIT082C9]\], half-life did not correlate with initial parasite densities (*r* = −0.092; *P* = .179) in Malian children. Figure 2.In vivo and ex vivo responses of parasites to artemisinin derivatives. *A*, Distribution of parasite clearance half-lives in 215 children with uncomplicated *Plasmodium falciparum* malaria in Kenieroba, Mali, compared with that of 168 (mostly adult) patients in Pursat, western Cambodia. The geometric mean half-life in Pursat (5.9 hours) is 3.0 times longer (95% confidence interval \[CI\], 2.8--3.3; *P* \< .0001) than in Kenieroba (1.9 hours). The geometric mean parasite clearance half-life 95% CIs are indicated by horizontal lines and whiskers. *B*, Ex vivo responses of *P. falciparum* isolates to antimalarial drugs. The geometric mean (GM) IC~50~ values for chloroquine (CQ; n = 87), amodiaquine (AQ; n = 41), monodesethylamodiaquine (MDAQ; n = 57), quinine (QN; n = 27), artesunate (AS; n = 96), and dihydroartemisinin (DHA; n = 87) were 119 nM, 7.79 nM, 16.7 nM, 49.9 nM, 1.17 nM, and 1.50 nM, respectively. The GM IC~50~ and 95% CIs are indicated by horizontal lines and whiskers. This assay showed that approximately 50% of parasite isolates have reduced susceptibility to CQ (IC~50~ \> 100 nM) but remain susceptible to the other antimalarial drugs tested. These data are consistent with the only other in vitro responses of parasite isolates reported from Mali \[[@JIT082C36]\]. The IC~50~ values for CQ correlated with those for AQ (*r* = 0.608; *P* = .0008) and MDAQ (*r* = 0.707; *P* \< .0001). The only other IC~50~ correlation among the 6 drugs was that observed for QN and AS (*r* = 0.585; *P* = .002). Abbreviations: AQ, amodiaquine; AS, artesunate; CQ, chloroquine; DHA, dihydroartemisinin; IC~50~, median inhibitory concentration; MDAQ, monodesethylamodiaquine; QN, quinine.

To explore whether half-life associates with parasite susceptibility to artemisinins, we measured the ex vivo responses of parasite isolates to artesunate and DHA. We simultaneously measured parasite responses to CQ, AQ, MDAQ, and QN to validate assay performance. We found that 44 of 87 (50.6%) parasite isolates showed reduced ex vivo susceptibility to CQ (IC~50~ \> 100 nM) (Figure [2](#JIT082F2){ref-type="fig"}*B*). Few parasite isolates showed reduced susceptibility to AQ (IC~50~ \> 20 nM; 3 of 41, 7.32%), MDAQ (IC~50~ \> 60 nM; 6 of 57, 10.5%), and QN (IC~50~ \> 200 nM; 4 of 27, 14.8%) (Figure [2](#JIT082F2){ref-type="fig"}*B*). These data are consistent with drug-response profiles expected for parasites in Mali \[[@JIT082C36]\], where only CQ has been used historically. The geometric mean IC~50~ values for artesunate and DHA were very low: 1.17 nM (95% CI, 0.98--1.40 nM; n = 96) and 1.50 nM (95% CI, 1.22--1.83 nM; n = 87), respectively (Figure [2](#JIT082F2){ref-type="fig"}*B*). Half-life did not correlate with IC~50~ for artesunate (*r* = −0.151; 95% CI, −.346 to .057; n = 96; *P* = .14) or DHA (*r* = 0.169; 95% CI, −.049 to .372; n = 87; *P* = .12), indicating that this parameter is independent of parasite susceptibility to artemisinins, as measured by a conventional ex vivo drug response assay.

To investigate whether half-life depends on host factors, we used a linear regression model that accounted for the effects of age, sex, ethnicity, RBC polymorphisms, and parasite density. In this model, only age associated with half-life (*P* \< .0001; Figure [3](#JIT082F3){ref-type="fig"}*A*). Age inversely correlated with half-life (*r* = −0.312; *P* \< .0001), and a linear model that included only age predicted a 4.1-minute shortening of half-life for every 1-year increase in age (95% CI, 2.6--5.7; *P* \< .0001; Figure [3](#JIT082F3){ref-type="fig"}*B*). These data suggest that age-associated acquired immunity accelerates parasite clearance. To investigate whether artemisinin-independent clearance of ring-parasitized RBCs occurs while parasite clearance is monitored, we correlated screening and initial parasite densities (typically counted 1--3 hours apart). Although screening and initial parasite densities strongly correlated (*r* = 0.747; *P* \< .0001), the parasite densities of many children dropped before the first artesunate dose was consumed (Figure [4](#JIT082F4){ref-type="fig"}*A*). This finding may be due to the often-synchronous sequestration of late ring-parasitized RBCs in microvessels \[[@JIT082C26]\] and opsonic removal of parasitized RBCs (Figure [1](#JIT082F1){ref-type="fig"}*B* and 1*C*), both of which may decrease half-life. Figure 3.Influence of host factors on parasite clearance half-life. *A*, Results from a linear model in which the response is half-life in hours and the independent variables are age, sex (female reference), ethnicity (non-Fulani reference), hemoglobin (Hb) AC, HbAS, G6PD deficiency, α-thalassemia, and log~e~-transformed initial parasite density. Each effect is given as the predicted change in half-life while holding all other variables constant. Hemoglobinopathy effects compare heterozygous with wild type (with homozygous and hemizygous having double effects), whereas age and ln (Pf day 0) are compared with adding 1 unit to that variable. Without correcting for multiple comparisons, we see that only the age effect is significant. The age parameter states that for every 1-year increase in age, the half-life changes by −0.0686 hours (95% confidence interval \[CI\], −.0946 to −.0425). The parameters with 95% CIs (uncorrected for multiple comparisons) are plotted. *B*, Half-life is inversely correlated with age (*r* = −0.312; *P* \< .0001), a surrogate of naturally acquired immunity in our study population. The linear model estimates that there is a 4.1-minute (95% CI, 2.6--5.7; *P* \< .0001) shortening of half-life for every 1-year increase in age. Abbreviations: Hb, hemoglobin; HE, heterozygote; Pf day 0, initial *P. falciparum* density. Figure 4.Autologous immunoglobulin G (IgG) responses against the surface of *Plasmodium falciparum*--infected red blood cells (RBCs) obtained directly from Malian children with malaria and cultured to the trophozoite-stage. *A*, Correlation between screening and initial parasite densities. Although screening and initial parasite densities correlated (*r* = 0.736; *P* \< .0001), the parasite densities of many children dropped before the first artesunate dose was taken (data points below the line of equality). This finding may be due to the often-synchronous sequestration of late ring-stage parasitized RBCs in microvessels \[[@JIT082C26]\] and opsonic removal of parasitized RBCs, both of which may decrease half-life. *B*, Representative flow cytometry scatterplot showing that 20.6% of parasitized RBCs in this child were recognized by autologous IgG. *C*, The median proportions of IgG-positive parasitized RBCs were 21.0% (interquartile range \[IQR\], 11.7--37.2), 10.8% (IQR, 6.92--23.7), and 5.94% (IQR, 4.04--17.6) for plasma tested at 1:10 (n = 48), 1:20 (n = 48), and 1:40 (n = 22) dilutions, respectively. For each dilution doubling, the proportion of IgG-positive parasitized RBCs changed on average by a factor of 0.61 (95% CI, .54--.69; *P* \< .0001). *D*, The plot shows an inverse correlation between IgG responses and half-life (*r* = −0.475; *P* = .0006), suggesting they are involved in clearing ring-stage parasites from peripheral blood. Abbreviations: IgG, immunoglobulin; FL1-H, fluorescence channel 1-height; FL2-H, fluorescence channel 2-height.

We thus hypothesized that the proportion of parasitized RBCs recognized by autologous antibody correlates with the parasite clearance rate. From 48 children, we obtained parasite isolates and cultured them ex vivo until they matured to trophozoites expressing PfEMP1, the parasite\'s main cytoadherence ligand, and other variant surface antigens. We then measured each child\'s antibody response by quantifying the proportion of parasitized RBCs that bound autologous IgM or IgG. Whereas an IgM response was detected in only 1 child, autologous IgG identified a subpopulation of parasitized RBCs in all 48 children (Figure [4](#JIT082F4){ref-type="fig"}*B*). The proportion of IgG-positive parasitized RBCs increased in a plasma dose-dependent manner (1:5 plasma dilutions resulted in agglutination of parasitized RBCs; Figure [4](#JIT082F4){ref-type="fig"}*C*). The median proportions of IgG-positive parasitized RBCs were 21.0% (IQR, 11.7--37.2), 10.8% (IQR, 6.92--23.7), and 5.94% (IQR, 4.04--17.6) for plasma tested at 1:10 (n = 48), 1:20 (n = 48), and 1:40 (n = 22) dilutions, respectively. For each doubling of the dilution, the proportion of IgG-positive parasitized RBCs changed on average by a factor of 0.61 (95% CI, .54--.69; *P* \< .0001). At 1:10 dilutions of plasma, IgG responses ranged 4%--76% and correlated inversely with half-life (*r* = −0.475; *P* = .0006; Figure [4](#JIT082F4){ref-type="fig"}*D*), suggesting that antibodies promote clearance of parasitized RBCs from peripheral blood. IgG responses also correlated positively with age (*r* = 0.383; *P* = .007) and inversely with log-transformed initial parasite densities (*r* = −0.400; *P* = .005).

 {#s6}

DISCUSSION {#s7}
==========

Here we report rapid parasite clearance rates in response to artesunate in a high-transmission area of Mali. We found that half-lives are markedly shorter in Mali than in southeast Asia \[[@JIT082C8]--[@JIT082C10]\], as recently reported by Maiga et al \[[@JIT082C19]\], and similarly do not correlate with ex vivo susceptibility of parasites to artesunate or DHA \[[@JIT082C9]\]. In a linear model accounting for host factors, half-life decreases with age, suggesting that naturally acquired immunity accelerates parasite clearance in response to artesunate \[[@JIT082C19]\]. The proportion of a child\'s parasitized RBCs recognized by autologous IgG inversely correlates with both half-life and initial parasite density, suggesting that these IgG responses clear parasitized RBCs and account for the age-associated suppression of parasite densities commonly observed in African children. Although the IgG responses we measured were directed at trophozoite-infected RBCs expressing PfEMP1 and other variant surface antigens, we believe that some of these IgG responses may be the same as those against the late ring-parasitized RBCs that cytoadhere in vivo. Determining whether IgG responses directed against ring-stage parasites accelerate parasite clearance will require further studies. To this end, we are now serially monitoring each child\'s IgG response to autologous parasites ex vivo---from the early rings that freely circulate in the bloodstream to the late rings that sequester or are opsonized by immune IgG.

Results from the surface IgG reactivity assay are likely to be more informative about parasite-clearing immunity than those from related assays \[[@JIT082C37]--[@JIT082C39]\], which test an individual\'s IgG cross-reactivity to panels of heterologous parasites (ie, short-term-adapted parasite isolates from other patients or long-term-adapted parasite lines). By quantifying autologous IgG responses to parasitized RBCs in the first cycle of parasite development ex vivo, before antigenic switching, our assay directly models how a child\'s existing IgG repertoire reacts to the parasite population being cleared by artemisinin-independent mechanisms. Measuring these IgG responses in southeast Asia may improve our understanding of the artemisinin resistance phenotype by accounting for the effects of acquired immunity on half-life and may test whether waning immunity in human populations in western Cambodia and western Thailand contributes to the lengthening of half-life over time \[[@JIT082C10]\]. Our assay may also be useful in parasite clearance studies currently underway in sub--Saharan Africa to monitor for the emergence of artemisinin resistance, particularly in areas where artemisinin monotherapies are commonly used and immunity may be waning.

Studying antimalarial immunity is difficult in endemic areas of Africa, partly because no in vitro correlate of parasite-clearing immunity has been identified. Typically, investigators evaluate specific immune responses by measuring them before a malaria season and then associating the titer and breadth of these responses with subsequent malaria incidence \[[@JIT082C28], [@JIT082C37], [@JIT082C40], [@JIT082C41]\]. Such studies are informative but are expensive, time consuming, and confounded by parasite diversity, levels of immunity, and RBC polymorphisms (eg, HbS) \[[@JIT082C28]\]. Age-associated clearance of drug-resistant parasites has been proposed as a model system for studying immunity in African children \[[@JIT082C42]\]. However, such studies can no longer be conducted because ACTs are now first-line treatments for malaria. Also, the recrudescence of drug-resistant parasites may be influenced by the proportion of parasites that is drug resistant, initial parasite density, variable pharmacokinetic profiles of antimalarials, and the sensitivity of detecting low parasitemias by microscopy. In contrast, estimating half-life in response to artemisinins is ethical and facile and not strongly influenced by initial parasite density or presence of parasite subpopulations resistant to partner drugs. Measuring autologous IgG responses to parasitized RBCs and investigating their ability to block cytoadherence, opsonize, and activate complement may improve our understanding of IgG-mediated reductions in parasitemia \[[@JIT082C43]\]. The parasite targets of autologous IgG responses that associate most significantly with half-life may be promising vaccine candidate antigens.
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[^1]: Presented in part: ASTMH 60th Annual Meeting, Philadelphia, Pennsylvania, December 2011. Abstract 1044.

[^2]: Abbreviations: CI, confidence interval; Hb, hemoglobin; Pf, *P. falciparum*.

[^3]: ^a^ Of the 40 non-Malinke children, 26 were Fulani, 13 were Bambara, and 1 was Sarakole.

[^4]: ^b^ Hemoglobin level was significantly lower at 72 hours compared with time of presentation (*P* \< .0001, paired *t* test).

[^5]: ^c^ Only 1 child of the 25 had hemoglobin type SS.

[^6]: ^d^ Three children remained parasitemic at 48 hours (parasite densities = 100, 100, and 75/µL), so the parasite clearance time could not be established. All 3 children had an undetectable parasite density at 72 hours.
